Abstract--Phagostimulatory responses of third-instar larvae of Chilo Partellus to phenolic components identified in an ethyl acetate extract of the leaf whorls of 3-week-old plants of Sorghum bicolor cultivar IS 18363 were studied in no-choice bioassays. The major components in the extract were identified as 4-hydroxybenzaldehyde and 4-hydroxybenzoic acid, with 4-hydroxy-3-methoxycinnamic acid, 3,4-dihydroxycinnamic acid, and 4-hydroxycinnamic acid present in minor amounts. All but 4-hydroxycinnamic acid were stimulatory at the doses tested. 4-Hydroxybenzaldehyde was more stimulatory than other potential biogenetic analogs. Hydroxybenzoic acids generally elicited greater feeding response than cinnamic acids, and the pattern of oxygen substitution in the benzene ring was related to bioactivity.
INTRODUCTION
The variation in palatabilty of different cultivars of a host plant to insect pests has been attributed in a number of studies to quantitative or qualitative differences in the content of their allelochemics (Sogawa and Pathak, 1970 ; Hedin * To whom correspondence should be addressed. ~Present address: Department of Chemistry, University of Maine, Aubert Hall, Orono, Maine 04469. et al., 1977; Robinson et al., 1978; Woodhead, 1982; Haskins and Gorz, 1985; Otieno et al., 1985) . Previous studies on different cultivars of Sorghum bicolor have shown that qualitative differences in the chemical composition of surface wax play a significant role in determining the level of damage caused by the nymphs of Locusta migratoria (Woodhead, 1983) . Specific surface wax chemicals also have been implicated in the differential establishment of young larvae of Chilo partellus on the leaf whorls of certain sorghum varieties (Woodhead and Taneja, 1987) .
We have recently shown that feeding by third-instar C. partellus larvae on sorghum is mediated by surface and tissue chemicals of different polarities extractable sequentially with hexane, ethyl acetate, and methanol (Torto et al., 1990) . As part of an attempt to identify the stimuli involved in the feeding process of this insect and to elucidate the allelochemical basis of the palatibility of different cultivars of host plants, we have carried out a detailed fractionation and analysis of an ethyl acetate extract of a preferred sorghum cultivar IS 18363, in order to identify the phagostimulatory constituents in the extract. In this paper, we report the effects of phenolic constituents identified in the extract and some of their analogs on the feeding of the third-instar larvae of the insect.
METHODS AND MATERIALS
Insects. Freshly molted third-instar larvae of C. partellus were obtained from stock cultures maintained on an artificial diet at the ICIPE insectary (Ochieng et al. 1985) . Third-instar larvae feed first on the leaves of the host plant before gradually boring into the stem. This stage was selected for bioassay owing to the longer-term objective of elucidating the basis for the change in larval feeding sites.
Extraction and Fractionation. Freshly cut, undamaged whorls of 3-week-old sorghum plants were extracted by dipping them first in hexane (15 rain) and then in ethyl acetate (15 rain) followed by soaking in methanol (24 hr). All extracts were concentrated to dryness in vacuo. A sample of the ethyl acetate concentrate was redissolved in ethyl acetate and extracted with water ( Figure 1 ). The combined aqueous phase was freezedried and the organic phase concentrated to dryness in vacuo. In bioassays, both phases stimulated larval feeding. Preliminary HPLC analyses of the two partition phases showed that phenolic components in the extract were present predominantly in the organic phase, while the aqueous phase contained components in common with those in the methanol extract of the whorls (Figure 2 ). The two major phenolic components in the organic phase were separated by preparative HPLC on a Varian 5000 liquid chromatograph, equipped with a Varian MCH-10 reverse phase column, 50 cm x 8 ram. The column was eluted with 20% aqueous methanol at a flow rate of 3.0 ml/min at 25~ and the eluate monitored at 240 nm. The fractions corresponding to the two major components were pooled, concentrated, and identified by mass spectrometry and coinjection with authentic samples.
Acetylation of Organic Phase. Since the preparative HPLC separation of the organic phase yielded only the two major phenolic components, the minor components present in this phase were identified as acetyl derivatives. Acetylation of the organic phase with acetic anhydride in dry pyridine at 0~ for 24 hr, gave a mixture of acetates that were identified by GC-MS.
Bioassays for Feeding Activity. The no-choice feeding tests were conducted in small glass vials (23 • 27 mm) with tight porous caps. A wad of moist cottonwool placed inside the cap maintained a high humidity. The cottonwool was covered with a fine-wire mesh that fitted tightly inside the cap. Test samples in solvents were applied topically to both sides of cellulose acetate disks (12 mm diameter, 7.902 + 0.348 mg, Cole-Panner Co., Chicago, Illinois) and were dried in a stream of warm air (Doss and Shanks, 1986) . Each test disk then was dampened with 15/zl of double-distilled water and placed in the vial. Control disks dipped into solvent and air dried were similarly treated with double-distilled water. Three third-instar larvae, starved for 24 hr prior to testing, were placed into each vial. All the feeding tests were conducted for 24 hr in the dark at 78 + 2% relative humidity and 29 + 2~ Test and control disks were weighed several times to a constant weight before and after the assay on a Cahn 21 milligram balance to +0.001 mg.
The following were assayed: (1) organic and aqueous partition phases of the ethyl acetate extract; (2) purified synthetic samples of 4-hydroxybenzoic acid and 4-hydroxybenzaldehyde, the two major phenolic components of the ethyl acetate extract; (3) purified samples of some selected analogs of the two compounds comprising 4-hydroxybenzyl alcohol, 4-methoxybenzaldehyde, 4-methoxybenzoic acid, and 4-methoxybenzyl alcohol; (4), purified synthetic samples of 4-hydroxycinnamic acid, 3,4-dihydroxycinnamic acid, and 4-hydroxy-3-methoxycinnamic acid, the three minor components of the ethyl acetate extract, and their analogs comprising 4-hydroxy-3-methoxybenzoic acid, 3,4-dihydroxybenzoic acid and 2, 5-dihydroxybenzoic acid; and (5) acid, a relatively common constituent of plants (Sondheimer, 1964) , and its degradative product, quinic acid. Compounds were obtained from Aldrich Chemical. Co. (Milwaukee, Wisconsin), purified by recrystallization, and the purity of each was checked by HPLC and/or GC. All compounds were tested at 10, 25, 50, 150, 250, 350 , and 450 /~g/disk. Each test was replicated 15 times.
The relative feeding response was calculated for each dose by dividing the mean weight of treated disks consumed by that of the control disks consumed.
The means were subjected to analysis of variance for differences due to phenolic compounds and doses. Overall means were separated using Duncan's multiple-range test. Dose-response plots for the phenolic compounds were derived from the equation: y = ax% x using the least-squares procedure on the logarithmic form: In y = in a + x In c + bin x, where y = relative feeding response, x = dose (txmol/disk), and a, b, and c are constants that determine the nature and slope of the plot.
Determination of Extent of Oxidation of 4-Hydroxybenzaldehyde during
Bioassays. Since aldehydes are rapidly oxidized on exposure to air, an attempt was made to determine the extent of oxidation of 4-hydroxybenzaldehyde during the assay period. 4-Hydroxybenzaldehyde was dissolved in methanol to give 1 mg/ml solution. Ten cellulose acetate disks each were treated with 200 txg of 4-hydroxybenzaldehyde and then dried in a stream of warm air. Prior to the assay the disks were moistened with 15/xl of double-distilled water. Five of the disks were extracted immediately with 1 ml of methanol, and a 10-/xl aliquot of each extract was analyzed by reverse-phase HPLC. The remaining five disks in assay containers were maintained at the conditions of the bioassay, i.e., 78 + 2% relative humidity, temperature 29 -t-2~ for 24 hr. The disks then were extracted similarly with methanol and analyzed. The mean peak areas corresponding to 4-hydroxybenzaldehyde in the chromatograms after 0 and 24 hr of the assay were calculated and compared. Peaks representing the absorptions of 4-hydroxybenzioc acid also were checked for in the chromatograms.
RESULTS
Both the aqueous and organic partition phases of the ethyl acetate extract of IS 18363 elicited feeding responses from C. partellus larvae. The organic phase components were found to be mainly phenolic (Figure 3 ). The major compounds were 4-hydroxybenzaldehyde and 4-hydroxybenzoic acid, identified by mass spectral analysis of samples isolated from a micropreparative HPLC column. The minor components were 4-hydroxy-3-methoxycinnamic acid, 3, 4-dihydroxycinnamic acid, and 4-hydroxycinnamic acid, identified as their acetyl derivatives by comparison of their GC-MS data with those of authentic samples and also confirmed by coinjection with authentic samples on an HPLC reverse-phase column. Studies of the aqueous components will be reported elsewhere.
All the phenolic constituents, with the exception of 4-hydroxycinnamic acid, elicited feeding responses from third-instar C. partellus larvae (Figures 4 and 5; Table 1 ). The dose-response curves of the phenols followed roughly the same pattern, reaching an optimum and then dropping. Analyses of variance indicated significant differences in feeding responses due to the two sets of treat- ment effects: dose (F = 96.6, P < 0.0001 ) and phenolic material (F = 195, P < 0.0001). There were also significant interactions between these effects, although Duncan's multiple-range procedure was able to separate the means computed from feeding rates over the whole dose range of the bioassays (Table  1) .
4-Hydroxybenzaldehyde was the most stimulatory of the compounds. There \"'...
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-0.5 -~. was no significant oxidation of the aldehyde during the bioassay period; therefore the observed activity was essentially due to the aldehyde. Oxidation of the aldehyde to the corresponding acid and its reduction to the alcohol caused a significant drop in activity (Table 1) . In contrast, a comparison of the activities of the methoxy derivatives of these compounds showed the opposite trend, the alcohol being most stimulatory and the aldehyde least. For the cinnamic acids, 4-hydroxycinnamic acid was nonstimulatory at all the doses tested, but 4-hydroxy-3-methoxycinnamic acid and 3, 4-dihydroxycinnamic acid gave comparable feeding rates ( Figure 5) .
Comparison of hydroxybenzoic acid and its analogs with the cinnamic acids .\. showed that the activities of the former differed significantly from those of the latter (Table 1) . Hydroxybenzoic acids were generally more stimulatory than their corresponding cinnamic acids. Thus 4-hydroxy-3-methoxybenzoic acid was more stimulatory than 4-hydroxy-3-methoxycinnamic acid; 3,4-dihydroxybenzoic acid was more stimulatory than 3,4-dihydroxycinnamic acid; and whereas 4-hydroxybenzoic acid was a strong stimulant, 4-hydroxycinnamic acid was not stimulatory. Of interest was the complete lack of response to 2,5-dihydroxybenzoic acid, a known phenolic constituent of sorghum seedlings (Woodhead and Cooper-Driver, 1979) but not encountered in the varieties studied in the present work. On the other hand, chlorogenic acid, which has not been reported as a constituent of sorghum, and its degradative product, quinic acid, were both stimulatory.
DISCUSSION
Two groups of compounds are present in the ethyl acetate extracts of whole undamaged whorls of IS 18363, a cultivar of S. bicolor preferred by C. partellus larvae: phenolics and more polar, but not yet identified, components ( Figure  2) . The major phenolic feeding stimulants identified were 4-hydroxybenzaldehyde and 4-hydroxybenzoic acid. Interestingly, 4-hydroxybenzaldehyde has been shown previously to deter feeding by the locust L. migratoria and the aphid Schizaphis graminum (Woodhead and Bernays, 1978; Dreyer et al., 1981; Woodhead, 1982) . On the other hand, Fisk (1990) found that a phenolic extract from sorghum was stimulatory to the homopteran Peregrinus maidis, and Baker et al. (1986) showed that 4-hydroxybenzaldehyde and some of its derivatives are strong feeding stimulants for the elm bark beetle Scolytus multistriatus. A range of allelochemics now has been demonstrated to play different and often opposite semiochemical roles in different insects (Janzen, 1979; Matsuda and Senbo, 1986; Norris, 1986; Whitman, 1988) , reflecting differing evolutionary responses of these herbivores to defensive chemicals elaborated by plants.
The dose effect on the stimulatory activity of the phenolic compounds bioassayed in the present study is noteworthy. Of particular interest is the doseresponse relationship of 4-methoxybenzaldehyde (Figure 4) , which is stimulatory at very low doses but rapidly becomes a deterrent at higher doses. This pattern is probably replicated by some of the other compounds at sufficiently high doses and suggests that caution needs to be exercised in interpreting feeding response data based on a limited dose range that diverges appreciably from the concentrations of the allelochemics in natural systems.
Comparison of the stimulatory effects of benzoic and cinnamic acids shows that activity is dependent upon the nature and type of substitution in these compounds. Cinnamic acids were weaker feeding stimulants than the corresponding benzoic acids. The variation in the stimulatory activity of cinnamic acids suggests that the extra oxygen at the 3-position in the benzene ring may be crucial for the activity of this class of phenolic compounds. This would account for the significant stimulatory activity of 3,4-dihydroxycinnamic acid and 4-hydroxy-3-methoxycinnamic acid but lack of activity by 4-hydroxycinnamic acid. Conversely, all three corresponding hydroxybenzoic acids, including 4-hydroxybenzoic acid, demonstrated significant activities. The complete lack of feeding response to 2,5-dihydroxybenzoic acid indicates that the substitution patterns on the benzene ring for this class of compounds are important for their bioactivity to C. partellus.
Chlorogenic acid, a common plant constituent (Sondheimer, 1964) , but so far not reported to be present in sorghum, previously has been found to play various roles in host plant selection by insects. Found in potato leaves, it is phagostimulatory to the Colorado potato beetle, Leptinotarsa decemlineata (Hsiao and Fraenkel, 1968) . It also has been reported to be stimulatory to some leaf beetles such as Gastrophysa atrocyanea but deterrent to others such as Lochmaeae capreae cibrata (Matsuda and Senbo, 1986) . Other workers have observed that the compound served as a growth factor for certain insects, e.g., silkworm larvae (Bombyx mori) (Kato and Yamada, 1968) and the potato aphid, Macrosiphum euphorbiae (Chawla et al., 1974) . In the present study, it stimulated feeding by larval C. partellus and was a better stimulant than its degradative products, quinic and 3,4-dihydroxycinnamic acids ( Figure 5 ; Table 1 ).
In summation, our results suggest that although structural requirements for activity within each phenolic group tested are relatively specific, the insect appears to perceive and respond to a relatively broad range of plant phenols, albeit to varying levels of sensitivity. The implications of these findings are not clear. At the chemoreception level, it may indicate the presence of several sets of receptors with different degrees of specialization for different structural types.
Since larval C. partellus is an oligophagous insect that feeds on sorghum, maize, and some wild grasses, it is perhaps important that it should be able to recognize the different profiles of allelochemics it may encounter within its host range. Single-cell electrophysiological studies and identification and quantification of phenolic feeding allelochemics from different hosts might shed some light on these questions. In addition, the precise roles of these phenols in the feeding process and the way they interact with the polar and nonpolar groups of phagostimulatory compounds need detailed elucidation before a complete picture of factors governing host palatability to this insect can emerge.
